Centromeres are specialized chromosomal regions epigenetically defined by the presence of the histone H3 variant CENP-A. CENP-A is required for kinetochore formation which is essential for chromosome segregation during mitosis. Spatial restriction of CENP-A to the centromere is tightly controlled. Its overexpression results in ectopic incorporation and the formation of potentially deleterious neocentromeres in yeast, flies and in various human cancers. While the contribution of posttranslational modifications of CENP-A to these processes has been studied in yeast and mammals to some extent, very little is known about Drosophila melanogaster.
INTRODUCTION
CENP-A is a variant of histone H3 that is used by eukaryotic cells for the packaging of centromeric DNA by replacing H3 in centromeric nucleosomes. As such it epigenetically defines the centromere and provides a platform for the assembly of the kinetochore, which in turn is required for microtubule attachment during mitosis and faithful segregation of sister chromatids during cell division (1) (2) (3) (4) (5) (6) . CENP-A is incorporated into centromeric chromatin in a replication-independent but cell-cycle regulated manner (7) . In mammalian cells, CENP-A assembly occurs in early G1 phase following the recruitment of the Mis18 complex during late mitosis by centromeric CENP-C. Mis18 then enables association of the CENP-A chaperone HJURP and deposition of CENP-A (6, (8) (9) (10) (11) . Recent findings also implicated transcription of centromeric DNA as a key mechanism in centromeric chromatin establishment and maintenance (12) (13) (14) (15) (16) . In Drosophila melanogaster, a popular model organism to study centromeric chromatin, CENP-A is incorporated during mitotic metaphase in S2 cells or anaphase in early embryos (17, 18) .
The composition of centromeres and kinetochores differs considerably between flies and mammals, and several factors that govern centromeric chromatin assembly are not conserved. The fly counterpart of the human CENP-A chaperone HJURP in terms of function although not sequence is CAL1 (19) (20) (21) . CAL1 binds to prenucleosomal CENP-A/H4 dimers, associates with the centromere and mediates CENP-A deposition both in vitro and in vivo (18, 21, 22) . Besides CAL1, pre-nucleosomal Drosophila CENP-A can be detected in complexes with the transcription-and replication-associated histone chaperone FACT, the histone chaperone CAF1 and the histone acetyltransferase HAT1 (23) (24) (25) . This situation is reminiscent of the processing of canonical H3/H4 dimers prior to chromatin assembly as these too are present in various preloading complexes (26) . At present it is unclear if, when and how CENP-A is transferred to different pre-loading complexes in the course of deposition. However, the crucial role of CAL1 for CENP-A incorporation into chromatin has been clearly established (19) (20) (21) . CAL1 also interacts with the inner kinetochore protein CENP-C (22) , and CENP-A, CAL1 and CENP-C show mutual dependence with regard to their deposition onto chromatin (20) . Similar to mammalian CENP-A assembly, transcription and RNA transcripts are also involved in incorporation and maintenance of fly CENP-A at centromeres (27) (28) (29) (30) (31) (32) .
In contrast to other histone H3 variants, the primary sequence of CENP-A is poorly conserved and has only ∼50% overall sequence similarity to H3. Similar to H3, CENP-A contains a characteristic histone-fold domain (HFD), which represents the most conserved part of the protein, while the N-and C-terminal regions show the strongest degree of divergence from H3 and are not conserved between CENP-A proteins from different species (33) . Canonical H3 and the variant H3.3 are subject to a plethora of posttranslational modifications (PTM) occurring at multiple sites mostly in their N-terminal tails that correlate with and/or regulate diverse processes, such as transcription, post-replicative nucleosome assembly or DNA repair (34) . By contrast, only a handful of posttranslational modification sites and types have been detected on CENP-A from different species. In human CENP-A, three phosphorylation sites in the N-terminal region and one in the HFD have been functionally characterized (S7, S16, S18, S68) and another five sites (T21, T23, S27, S32, S41) were detected in global analyses but have not been studied so far (35) . The N-terminal glycine residue is subject to trimethylation (36, 37) , and K124 in the HFD was found to be modified by acetylation, methylation or ubiquitylation in a cell cycle-dependent manner (35, (38) (39) (40) (41) . Several of these modifications have been functionally linked to mitosis, e.g. to regulating chromosome segregation and the assembly of centromere and kinetochore components (G1me3, S7ph, K124ac; (36) (37) (38) (39) (42) (43) (44) ), while others have been shown to impact on CENP-A deposition (S18ph; (45) ) and interaction with the mammalian CENP-A chaperone HJURP (S68ph, K124ub; (40, (46) (47) (48) ). S16/S18 phosphorylation has been proposed to affect higher order structure of centromeric chromatin (36) . However, not all assigned functions are free of dispute (43, 49, 50) and the clarification of apparent discrepancies is a topic of ongoing research.
In contrast to human CENP-A, much less is known about PTMs in the fly (7) . In previous work, we have identified four posttranslational modification sites in the N-terminal region of Drosophila melanogaster CENP-A. We found S20, S75 and S77 to be phosphorylated and K105 to be acetylated in pre-nucleosomal CENP-A (23) . Notably, K105ac was only found in the cytoplasmic fraction, while S20p and S75p were present in both cytoplasmic and nuclear fractions. S77p, by contrast, was exclusively detected in non-chromatin bound nuclear CENP-A (23) . In light of these findings we proposed that differential modification might regulate the deposition pathway of CENP-A in the fly (23) . Thus, we initiated studies to elucidate the functions of the identified PTM sites. Here, we examined the impact of S20 phosphorylation on CENP-A function. Analysis of chromatin-bound CENP-A revealed an enrichment of S20p in this fraction. We identified casein kinase II (CKII) as the enzyme responsible for S20 phosphorylation, and we used phosphomimetic and non phosphorylatable mutant CENP-A to examine the effect of S20 phosphorylation on steadystate chromatin levels and assembly dynamics. Most importantly, we demonstrate that S20 phosphorylation is a critical regulator of CENP-A protein stability which contributes to limiting aberrant ectopic incorporation of CENP-A.
MATERIALS AND METHODS

Cell lines
Drosophila S2 cells were cultured in Schneider's Drosophila medium (Gibco) containing 10% FBS (Gibco) and 1% Penicillin/Streptomycin. Drosophila S2 cell lines were engineered to contain stably integrated constructs for inducible expression of SNAP (S), Strep-Flag (SF) and GFP-tagged wt and mutant CENP-A fusion proteins. To this end, S2 cells were transfected with expression constructs made with a modified pMT that contains a puromycin resistance cassette (51) , and selection of stably integrated constructs was performed by addition of 10 g/ml puromycin (Sigma) to the culture medium for 2-4 weeks. For further culture of selected cells, the concentration of puromycin was lowered to 2 g/ml. Overexpression of transgenic CENP-A was induced for 16 h by addition of 0.5 mM CuSO 4 . In all other instances, analyses were performed on cell lines that were not induced but expressed CENP-A at low levels due to leakiness of the MT promoter.
Plasmid constructs
The generation of constructs for the expression of full length wild-type (wt) CENP-A fused at its N-terminus to a SNAP, Strep-Flag or GFP epitope tag was described previously (23) . These constructs were used for PCR-based site-directed mutagenesis to recode serine 20 into alanine (S20A) or aspartate (S20D), respectively. To generate RNAi-resistant CENP-A transgenes, the region between nucleotides 279-678 of the CENP-A coding region was replaced with synthetic DNA molecules containing multiple silent mutations in the constructs harboring epitope-tagged wild-type and S20-mutant sequences.
Antibody production and validation
Antibodies specifically recognizing phosphorylated S20 in CENP-A were raised in rabbits against a peptide spanning amino acids 15-29 of CENP-A phosphorylated at S20 (ANNSKpSPNDDDTAFR) by Davids Biotechnology GmbH (Regensburg, Germany). Final sera were affinity purified against the immunizing peptide and depleted for nonphospho-specific antibodies by purification against the peptide in its non-phosphorylated form (Davids Biotechnology GmbH). Specificity tests were performed by ELISA and by western blotting. Detailed procedure in Supplementary Information.
Protein extract preparation
To examine the levels of endogenous CENP-A or of induced or non-induced transgenic CENP-A in different cellular compartments, cytoplasmic, nuclear and chromatin extracts were prepared exactly as described before (23) with minor modifications. To examine degradation of total CENP-A, whole cell protein extracts (WCE) were prepared. Total protein extracts from Drosophila embryos were prepared by lysing them in 1× SDS loading buffer. Chromatin extracts of FACS-sorted cells were prepared by lysis in RIPA buffer, centrifugation and resuspension of the pellet in 1× SDS loading buffer. Experimental details and buffer compositions are given in Supplementary information.
Flag-affinity purification of SF-tagged CENP-A
Anti-FLAG M2 Magnetic Beads (M8823; Sigma) were equilibrated in the corresponding extract buffer and incubated with the protein extracts at ∼30 l beads per 10 ml cytoplasmic or 5 ml nuclear extract overnight at 4 • C on a rotating wheel. Subsequently, beads were washed 4 times with 1 ml Wash Buffer (20 mM Tris-HCl pH 7.9, 150 mM NaCl, 2 mM MgCl 2 , 0.2 mM EDTA, 15% glycerol, 0.2 mM PMSF, 1 mM DTT, 10 mM ␤-glycerophosphate, 0.5 mM benzamidine) followed by elution for 1 h with rotation in 100 l TBS buffer (30 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM EDTA) containing 100 g/ml Flag peptide (F3290; Sigma).
Mass spectrometry and data processing for PTM mapping
To identify post-translational modifications of chromatinbound SF-CENP-A, SF-CENP-A purified by Flag-affinity beads from chromatin extracts was separated by SDS-PAGE, and the CENP-A band was excised. Proteolytic digestion with trypsin and MS analysis were performed as described before (23) , with minor modifications: Samples were analyzed by reversed phase C18 HPLC coupled to a Q Exactive HF mass spectrometer (Thermo Scientific). Data analysis was performed using Proteome Discoverer 2.2 (Thermo Scientific) with search engine Sequest.
Western blotting
Protein samples were separated on 10-12% SDS-PAGE gels and blotted to nitrocellulose membrane. Antibody incubation and detection were performed as described in Supplementary Information. The following antibodies were used: mouse ␣-Flag (1:5000; Proteintech 20543-1-AP), rabbit ␣ Drosophila CENP-A (1:2000; Abcam ab10887), rabbit ␣-H3 (1:20 000; Millipore 07-690), mouse ␣-tubulin (1:10 000; Sigma T5168), rabbit ␣-CENP-A-S20p (1:1000; this study). Secondary anti-rabbit and anti-mouse IgG antibodies (Sigma) coupled to horseradish peroxidase (HRP) were used at 1:10 000. Raw images of western blots from Figures 1E and 4C are shown in Supplementary Figures S10 and S11.
Immunofluorescence microscopy
S2 cells were settled down on cover slips for 30 min and fixed with 3.7% paraformaldehyde in PBS/0.3% Triton-X100 for 12 min. Cells were blocked in 5% bovine serum albumin (BSA) in PBS, washed and incubated with primary antibody diluted in 5% BSA/PBS, followed by three washing steps and secondary antibody incubation. DNA was stained with 5 g/ml DAPI (Roche) in PBS followed by three washes in PBS. Cells were mounted in Vectashield and imaged on a Leica TCS SP5 instrument. To analyze mitotic chromosomes of S2 cells, cells were treated with 75 mM KCl before fixation and antibody incubation. The following primary antibodies were used: ␣-CENP-A (1:500; Abcam ab10887), ␣-CENP-C (1:500; kind gift from Dr Christian Lehner), ␣-CENP-A-S20p (1:200, home-made), ␣-tubulin (1:2000, Sigma T5168). Experimental details are described in Supplementary Information.
Fluorescence labelling of SNAP-CENP-A
To determine steady-state levels of SNAP-tagged CENP-A wt and mutant proteins at centromeres, cells were incubated with 3 M SNAP-Cell ® TMR Star (NEB) for 30 min. Non-reacted TMR Star was washed out by incubating the cells in fresh medium for 10 min before removing the medium and repeating the washing steps three times. Cells were settled on polylysine-coated coverslips and fixed in 3.7% paraformaldehyde/0.3% Triton-X100 in PBS for 12 min, nuclei were counterstained with 5 g/ml DAPI and finally mounted in 8 l Vectashield (Vector). Confocal fluorescence microscopy was performed on a Leica TCS SP5 instrument.
Proliferation assay
Cells were counted by TC20™ cell counter (Bio-Rad) and diluted to 1 × 10 6 cells/ml in 2 ml fresh culture medium in six-well plates coupled with gentle shaking. Cell concentrations were measured every 24 h for 3 days. Doubling times were calculated using the exponential growth function of Prism 7.0 (Graphpad), and statistical significance was determined by one-way ANOVA.
Pulse-chase expression and FRAP experiments
GFP-CENP-A S2 cells were subjected to an expression pulse by addition of 0.5 mM CuSO 4 for 8 h. Then CuSO 4 containing medium was removed, cells were washed 3 times for 10 min with fresh medium and left to grow for an additional 16 h (chase). Samples were collected after the expression pulse and after the chase period and processed for confocal fluorescence microscopy. GFP-CENP-A wt expressing cells after 8 h of induction were used to define a threshold for overexpression that was applied to all images from all samples using ImageJ. The numbers of overexpressing cells relative to total cells (determined by DAPI signal) were calculated and statistical differences between the 8 and 16 h time points were calculated by unpaired t-test (Prism).
For FRAP experiments, GFP-CENP-A expressing S2 cells were either directly used (no overexpression; Figure  8C ) or induced by 0.5 mM CuSO 4 for 16 h. Cells were allowed to attach to coverslips for 10 min, and subsequently overlaid with agarose sheets according to the method by (52) . FRAP experiments were performed on a Leica TCS SP5 instrument using a 63×/1.40 oil objective. Photobleaching of the GFP signal was performed by the built-in FRAP-wizard function of the LAS AF software using an argon laser (80% laser power; 10 × 1.293 s/frame). Image stacks of 10-20 z-sections of 0.13 m were captured before, right after bleaching and at 10, 20 and 30 min after bleaching. Four sections each were merged for analysis. Calculation of signal recovery and further experimental details are described in Supplementary Information.
Microscopy settings and data analysis
Fixed cells and live cells (FRAP) were imaged on a Leica TCS SP5 confocal fluorescence microscope with 60-85 and 10-20 z stacks, respectively, of 0.13 m z-sections using a 63x/1.40 oil objective. Mitotic chromosomes were imaged on a Leica TCS SP8 confocal microscope with 30-40 z stacks of 0.13 M using a 100×/1.40 oil objective. 3D images were reconstructed and analyzed by Imaris v5.1. Using the Arena function of Imaris, one image of the CENP-A wild type group was selected to define cells, nuclei and centromeric spots and those settings were applied to all images of the same experiment to ensure identical image processing. A total of 900-1713 centromeres per experiment were analyzed in this manner. For comparison of the intensity of S-CENP-A in the different cell lines, all spot intensities within one nucleus were summarized and plotted. Mean ± SEM TMR intensities per nucleus were calculated and statistical significance was determined by Mann-Whitney-test using Prism 7.0 (Graphpad) software.
Protein degradation assay
S2 cells were grown in 50 ml round-bottom flasks containing 15 ml culture medium with gentle stirring. Overexpression of SF-tagged wt and S20-mutant CENP-A was induced by addition of 0.5 mM CuSO 4 for 16 h. Then, cycloheximide (CHX; Sigma) was added to a final concentration of 40 g/ml for 4 h to inhibit protein synthesis. Subsequently, aliquots of ∼10 9 cells were removed from the flask at every 2 h and collected by centrifugation at 1000 × g for 5 min followed by a wash in PBS. WCE was prepared as described in Supplementary Information. For experiments testing the effect of the proteasome on CENP-A degradation, MG132 (Sigma) was added for 5 h to a final concentration of 20 M; Protein signal intensities were analyzed using ImageJ software, and half-life and statistical calculations were done in Prism 7.0.
Kinase assay
In vitro kinase assays with CKII were performed in a reaction volume of 25 l for 1 h at 30 • C. 1000 units of recombinant CKII (NEB) were incubated in 1× CKII reaction buffer (NEB) with 200 M ATP, 0.5 l gamma-32 P-ATP (10 mCi/ml; Hartmann Analytics GmbH) and 10 g of peptide p20 (ANNSKSPNDDDTAFR) spanning amino acids 15-29 of CENP-A. As negative controls, reactions containing a peptide phosphorylated at S20, p20P (ANNSKpSPNDDDTAFR) or reactions without peptide or CKII, respectively, were performed. Reactions were then spotted onto P81 filter paper (Whatman), filters were washed three times for 10 min each in 500 ml 0.75% phosphoric acid, once in 200 ml acetone for 5 min and dried at RT. 32 P incorporation was measured in a scintillation counter (HITACHI AccuFLEX LSC-8000). In addition, reaction products were analyzed by nano-LC mass spectrometry.
RNAi experiments
dsRNA probes against 15 different Drosophila kinases, Ppa and CENP-A were selected using the algorithm at DRSC/TRiP Functional Genomics Resources (https:// fgr.hms.harvard.edu/fly-cell-based-rnai). In addition, nucleotide region 48-573 of the coding sequence of the bacterial Tet repressor (TetR) was chosen as a negative control. Generation of double-stranded RNA probes and RNAi treatment were performed exactly as described previously (23) . Knock-down efficiency was evaluated by reversetranscription quantitative PCR (RT-qPCR) on the last day of treatment. Primer sequences used for the generation of dsRNA templates are available upon request. Experimental details are described in Supplementary Information.
FACS analysis
To determine cell cycle profiles, 10 5 -10 6 S2 cells were harvested by centrifugation fixed in ice-cold ethanol abs, collected by centrifugation and resuspended in 1 ml PBS containing 0.1 mg/ml RNase A and 50 g/ml propidium iodide (PI). To determine the percentage of mitotic cells in wt and mutant cell lines, 5 × 10 5 cells each were fixed in 1 ml ice-cold 70% ethanol. Cells were washed and incubated with 1% BSA/PBS containing Alexa Fluor ® 488-coupled ␣-Histone H3 Phospho (Ser10) antibody (1:50; Biolegend) at room temperature for 60 min. DNA was stained by addition of 5 g/ml DAPI. For live cell sorting, 3.2 × 10 6 cells were stained with 5 M Hoechst prior to sorting according to their DNA content. Flow cytometric analysis or cell sorting of single cell suspensions of S2 cells were performed on an LSR Fortessa or a FACS-Aria-III, respectively, (both BD) instrument and analyzed using FlowJo ® v10 software.
RESULTS
S20-phosphorylated CENP-A is enriched in chromatin
In our previous work, we identified three phosphorylation sites (S20p, S75p, S77p) and one acetylation site (K105ac) in CENP-A preparations from cytoplasmic and nuclear extracts of Drosophila S2 cells (23), yet the modification state of chromatin-bound CENP-A remained unknown. We therefore purified CENP-A from chromatin extracts of a cell line stably expressing Strep-Flag-tagged CENP-A (SF-CENP-A) (Supplementary Figure S1A) for analysis by mass-spectrometry. We found that chromatin-associated SF-CENP-A was not modified at S75/77 but showed phosphorylation at S20 and acetylation at K105 ( Figure 1A ). Because S20 phosphorylation was the only modification detectable in soluble (23) as well as in chromatin-bound fractions of CENP-A ( Figure 1B) , we focused our further Nucleic Acids Research, 2019, Vol. 47, No. 20 10759 studies on this modification site. To examine the S20 phosphorylation status of endogenous CENP-A, we raised an antibody against a phosphorylated peptide spanning S20 (Supplementary Figure S1B ) and performed western blot analysis of cytoplasmic, nuclear and chromatin fractions of wild-type S2 cells. The results revealed that the portion of phosphorylated S20 relative to total CENP-A was highest in chromatin-bound CENP-A ( Figure 1C ). Likewise, immunostaining with the ␣-S20p antibody showed clear centromeric signals in interphase and mitotic cells in both wild-type S2 cells and cells expressing GFP-tagged CENP-A ( Figure 1D ). When we arrested S2 cells in mitosis by colchicine treatment (Supplementary Figure S1C ) the relative amount of chromatin-bound S20-phosphorylated CENP-A increased ( Figure 1E ). These results were confirmed by western blot analysis of cells sorted according to their cell cycle stage (G1, S and G2/M; Figure 1F ) suggesting that S20 phosphorylation might be important during mitosis and/or for the loading of CENP-A which takes place during mitosis (18) . Consistent with this idea, the ratio between phosphorylated and total CENP-A in Drosophila embryos, where most cells are cycling cells/nuclei therefore requiring continuous CENP-A loading, was similar to that of mitotically arrested S2 cells ( Figure 1E , F).
Casein kinase II phosphorylates CENP-A at S20 in vivo and in vitro
We next asked which kinase mediates CENP-A-S20 phosphorylation. To this end, we carried out phosphorylation motif analysis using NetPhos3.1 (53) . Significant matches with recognition motives of 15 serine/threonine kinases were obtained. We then performed an RNAi screen targeting each of these kinases in S2 cells and monitored reduction of CENP-A-S20 phosphorylation by immunoblotting of whole cell extracts. The knockdown of nine of these kinases by RNAi was successful and resulted in >80% reduction in their transcript levels (Supplementary Figure S2A ) but only the knock-down of both subunits of casein kinase II (CKII) caused a strong decrease of S20 phosphorylation ( Figure 2A ). The reduction of S20p signal was stronger in CKII␣ knockdown cells, most likely due to the more efficient depletion of CKII␣ compared to CKII␤, which was only ∼30% depleted ( Figure 2B ). These findings were further corroborated by an in vitro kinase assay using recombinant CKII and a peptide spanning S20 of CENP-A. CKII incorporated significant amounts of radiolabeled phosphate into the S20 peptide, whereas a prephosphorylated S20 peptide was not modified ( Figure 2C ). Moreover, mass spectrometry analysis of reaction products showed that S20 was one of the major amino acid targets of CKII in the in vitro assay. Another product was T26p (Supplementary Figure S2B ). However, this is likely due to relaxed specificity of CKII in the in vitro assay with a peptide substrate as we never found T26 to be phosphorylated in CENP-A in vivo. Of note, we have found CKII␣ and ␤ subunits to specifically co-purify with CENP-A in previous tag-affinity purification experiments from S2 cells (data not shown; (23) ). Together, the results strongly suggest that CKII is the major kinase for S20 phosphorylation of CENP-A in Drosophila S2 cells. whole cell extracts. Cells were treated with dsRNA against the indicated kinases or control TetR for 4 days before whole cell extract (WCE) preparation and western blotting. Samples were loaded in replicates to two gels. One membrane was detected with ␣-S20p and the other with ␣-CENP-A. ␣-tubulin was used to control for equal loading on both membranes but only one data set is shown. (B) Reverse-transcription real-time PCR analysis of knock-down efficiency of CKII subunit transcripts in cells treated with the respective dsRNAs or with control TetR RNA. (C) Kinase assay with recombinant CKII and CENP-A peptides spanning S20. 32 P-incorporation was measured by liquid scintillation counting. Reactions containing phosphorylated S20 peptide (S20p), no peptide or no CKII were performed as negative controls. Note that the increase in 32 Pincorporation observed in negative control reactions containing CKII is due to the known autophosphorylation activity of CKII. Unpaired t-test was performed to determine statistical significance of differences (**P < 0.01, ****P < 0.0001).
S20 phosphorylation affects centromeric localization of CENP-A
To study the functional role of CENP-A phosphorylation at S20, we generated cell lines expressing SF-CENP-A or SNAP-tagged CENP-A (S-CENP-A) in which S20 was mutated to alanine (S20A) to block phosphorylation or to aspartate (S20D) to mimic the phosphorylated state (Supplementary Figure S3A ). All transgenes were under the control of a CuSO 4 -inducible metallothioneine promoter. In the absence of CuSO 4 induction, transgenic CENP-A was expressed at near physiological levels, restricting its incorporation to centromeres as demonstrated by colocalization with the centromeric protein CENP-C (Supplementary Figure S3B ). We first examined if steady state centromeric levels of wild-type and mutant versions of S-CENP-A showed differences. Staining of cells with 6carboxytetramethylrhodamine (TMR Star) and quantification of the resulting centromeric signal intensities per cell revealed a 24.5% reduction of centromeric localization of the non-phosphorylatable mutant S-CENP-A S20A compared to S-CENP-A wt. By contrast, signal intensity of phosphomimetic S-CENP-A S20D was significantly increased (65.9%; Figure 3A , B). Because in our stable cell lines, endogenous CENP-A is present in addition to the transgenic variants, it was possible that centromeric targeting and/or maintenance of CENP-A mutant proteins was aided by the presence of endogenous CENP-A. In fact, it was shown for human cells that the CENP-A chaperone HJURP dimerizes and thereby facilitates the loading of two CENP-A/H4 heterodimers and formation of a nucleosome (54) . Although no similar evidence has been reported for Drosophila CAL1, we attempted to minimize a potential effect of endogenous CENP-A by RNAi-mediated knock-down. To this end, we modified the nucleotide sequences of CENP-A wt, CENP-A S20A and CENP-A S20D constructs to render them resistant to RNAi against endogenous CENP-A. dsRNA treatment of stable cell lines resulted in ∼40-50% reduction of endogenous CENP-A (Supplementary Figure S3C ) but did not reduce transgenic CENP-A expression (Supplementary Figure S3D ) and strongly decreased centromeric CENP-A signal in non-transfected S2 cells (Supplementary Figure S3E ). Measuring steady state TMR signal intensities in RNAi-treated transgenic cell lines showed a more pronounced decrease (64%) of centromeric signal of the non-phosphorylatable S20A mutant protein compared to S-CENP-A wt, while no intensity difference was observed for S-CENP-A S20D (Figure 3A, C) . These results suggest that S20 phosphorylation may be required for loading and/or maintenance of CENP-A at the centromere.
Proliferation measurements of the three transgenic lines in the absence of CuSO 4 induction revealed that S20A and to a lesser extent S20D-expressing cell lines showed reduced proliferation rates compared to S-CENP-A wt expressing cells ( Figure 3D ). Consistent with this they exhibited a moderately increased mitotic index although statistical significance was only reached for S20A ( Figure 3E ). When we examined mitoses more closely, we found that the number of defective mitoses was increased in S20A and S20D expressing cells with S20A causing mostly chromosome congression defects and premature segregation presumably due to cohesion fatigue, while S20D cells more frequently showed lagging chromosomes during anaphase/telophase ( Figure  3F ). Hence, S20D cells might more often be able to complete mitoses, while S20A cells might tend to experience delay or arrest in mitosis, thus accounting for the different extent in proliferation rate reduction for S20D and S20A expressing cells.
One explanation for the observed differences in centromeric deposition/abundance of wild-type and mutant proteins might be that the transgenes are expressed at different levels. However, when we analyzed whole cell extracts of the three cell lines, we detected similar amounts of protein ( Figure 4A ). Likewise, the amount of endogenous CENP-A was similar in all three lines ( Figure 4A ). We also fractionated cells into chromatin and total soluble protein to examine potential differences in distribution. These experiments revealed a striking enrichment of S-CENP-A S20D in the chromatin fraction when exogenous CENP-A was normalized to endogenous CENP-A ( Figure 4B ) confirming the results obtained with endogenous CENP-A showing enrichment of S20p in centromeric chromatin ( Figure  1C) . Interestingly, the soluble portion of S-CENP-A S20D was significantly smaller than that of S-CENP-A wt, while that of S-CENP-A S20A was larger ( Figure 4C ). To rule out that the SNAP-epitope tag contributed to these effects, we performed the same experiments with cell lines expressing SF-tagged CENP-A versions obtaining very similar results (Supplementary Figure S4 ). Small differences were observed for the SF-CENP-A S20A expressing cell line, in which the amount of endogenous CENP-A was increased compared to SF-CENP-A wt expressing cells (Supplementary Figure S4A ).
Taken together, the data suggest two distinct but not mutually exclusive scenarios for the role of S20 phosphorylation: (i) S20p is involved in CENP-A loading and maintenance at the centromere. This idea is supported by the enrichment in chromatin of phosphorylated CENP-A and of the phosphomimetic S20D mutant protein but depletion from chromatin of the non-phosphorylatable CENP-A S20A. (ii) S20p is required for the degradation of soluble CENP-A. Reduced amounts of phosphomimetic CENP-A S20D but increased levels of CENP-A S20A in the soluble protein pool point towards this possibility. To determine which of these possibilities holds true, we examined the potential of S20p to affect CENP-A turn-over.
Phosphorylation of S20 promotes CENP-A protein degradation
CENP-A expression levels must be tightly controlled in the cell, because overexpression of CENP-A leads to its incorporation at ectopic sites and to the formation of neocentromeres and genome instability in yeast and flies (32, 55, 56) . Likewise, overexpression and ectopic localization of CENP-A is a characteristic feature of many types of cancers (32) . Proteolysis is known to play an important role in controlling CENP-A levels and restricting CENP-A incorporation to the centromere (32) . To investigate the possibility that S20 phosphorylation controls the turn-over of CENP-A, we performed time course experiments to monitor protein stability. To facilitate protein detection, expression of SF-tagged wt and mutant CENP-A was induced for 16 h with CuSO 4 followed by treatment of cells with cycloheximide (CHX) to inhibit new protein synthesis, and analysis of CENP-A protein abundance in whole cell extracts by western blot with ␣-Flag antibodies at different time points after addition of CHX ( Figure 5A ). Histone H3 was used as a loading control. The results showed that the non-phosphorylatable SF-CENP-A S20A mutant protein exhibited substantially slower degradation kinetics than SF-CENP-A wt. By contrast, mimicking phosphorylation (S20D) caused significant protein destabilization, indicating that S20 phosphorylation sensitizes CENP-A to degradation ( Figure 5B , C). To corroborate these data, we examined CENP-A stability in cells depleted of CKII (Supplementary Figure S5A ) to reduce S20p in SF-CENP-A wt and found remarkable stabilization of the soluble protein compared to control cells treated with dsRNA against the non-expressed bacterial protein TetR (Figure 5D , E). It should be noted, however, that since CKII is a multifunctional enzyme with numerous substrates in the cell (57), we cannot completely rule out indirect effects of CKII knockdown on CENP-A stability (58) . However, taken together, our data link the phosphorylation of S20 in CENP-A to its degradation.
Proteolysis of Drosophila CENP-A was previously reported to require the action of Partner of Paired (Ppa), one of multiple adaptor subunits of E3-ubiquitin ligase SCF. Ppa was shown to interact with Drosophila CENP-A, and CENP-A gained increased stability when Ppa was knocked-down by RNAi (59) . Because SCF degrons are known to be regulated by phosphorylation (60, 61) , we examined if S20 phosphorylation regulates SCF Ppa -mediated CENP-A degradation. Knock-down of Ppa by RNAi in S2 cells expressing wt or S20-mutant CENP-A resulted in increased stability of wt CENP-A as reported before ( Figure  6A , B; Supplementary Figure S5B; (59) ). Importantly, the half-life of phosphomimetic SF-CENP-A S20D was significantly increased in Ppa knock-down compared to control cells (Ppa RNAi t 1/2 = 6.1 h versus TetR RNAi; t 1/2 = 3.2 h), while SF-CENP-A S20A half-life was largely unaffected (Ppa RNAi t 1/2 = 13.7 h versus TetR RNAi t 1/2 = 12.4 h, Figure 6A, B) . These results strongly suggest that S20 phosphorylation regulates the ability of SCF Ppa to mark CENP-A for degradation.
Altogether, our data demonstrate that the phosphorylation of S20 by CKII sensitizes CENP-A for degradation in a manner that is dependent on the ubiquitin ligase SCF Ppa .
S20 phosphorylation promotes ectopic CENP-A degradation upon overexpression
It is well established that upon overexpression, CENP-A can be incorporated at ectopic sites which may lead to the formation of neocentromeres (55,56,62,63 ). To examine a potential effect of S20 phosphorylation on non-centromeric chromatin incorporation of CENP-A, we generated S2 cell lines stably transfected with inducible CENP-A wt and S20 mutant constructs fused to a GFP tag. Similar to the other transgenes used in this study, wt and mutant GFP-CENP-A were expressed at low levels in the absence of induction resulting in their incorporation into centromeres only (Supplementary Figure S6A) . Upon overnight induction of GFP-CENP-A overexpression, however, all three fusion proteins displayed diffuse nuclear staining (Supplementary Figure S6B ) that remained unaffected by extraction of soluble protein prior to fixation (Supplementary Figure  S6C) , thus indicating promiscuous incorporation throughout chromatin. To better characterize ectopic incorporation, we co-stained the samples with an antibody against CENP-C and examined CENP-A and CENP-C signals on spreads of mitotic chromosomes. Interestingly, while overexpression of GFP-CENP-A S20A caused diffuse staining of CENP-C throughout chromatin, GFP-CENP-A wt and GFP-CENP-A S20D overexpression resulted in the formation of distinct CENP-C foci in addition to the diffuse background staining ( Figure 7A ). Moreover, staining of GFP-CENP-A wt mitotic chromosome spreads with the ␣-S20p antibody also revealed chromosomes with focused (87%) and others with diffuse staining (13%, n = 47; Supplementary Figure S7 ). Imaging of individual mitotic chromosomes at higher magnification confirmed the wt-and S20Dspecific accumulation of CENP-C at several locations along the chromosome arms, although the CENP-A signal was evenly distributed. In S20A expressing cells, by contrast, CENP-C was found all over the chromosomes in a diffuse pattern matching that of CENP-A ( Figure 7B ). Because Figure 7B in cells not overexpressing CENP-A), the additional focal CENP-C assemblies observed upon overexpression of S20D and wt CENP-A must be due to non-centromeric incorporation, yet need not necessarily be neocentromeres. For better quantification of this phenotype, we defined two groups of mitotic nuclei with respect to the intensity of their GFP-CENP-A expression levels (L1, strong signal; L2, weak sig-nal; examples for both expression levels are shown in Figure 7C) . Strikingly, in cells overexpressing phosphomimetic S20D CENP-A, 88% of mitotic nuclei with L1 intensity and 100% of nuclei with L2 intensity exhibited CENP-C foci. By contrast, in cells overexpressing non-phosphorylatable S20A, foci were detected in only 41% of L2 mitotic spreads and never in L1 chromosomes. GFP-CENP-A wt overexpressing cells behaved similar to the S20D mutant, although the numbers of mitotic nuclei with CENP-C dot formation were slightly lower ( Figure 7D ). Based on these findings we speculated that the ability of the phosphomimetic CENP-A S20D to recruit increased amounts of CENP-C to distinct locations might be determined by its increased turn-over at extra-centromeric locations. In an overexpression situation, this may prevent the general dilution of CENP-C to non-centromeric sites which results in diffuse staining of CENP-C. Instead, S20D (and phosphorylated wt CENP-A) might be cleared more efficiently from certain sites than from others, which would allow the accumulation of CENP-C on the latter and result in the observed focal staining of CENP-C. To test this hypothesis, we first analyzed the stability of centromeric CENP-A by performing Western blot-based degradation assays of chromatin-bound CENP-A in the absence of CuSO 4 induction. In this way, CENP-A located at centromeres should constitute the predominant form (64, 65) . The experiments showed that centromeric CENP-A was very stable regardless of whether S20 was mutated to alanine or serine or not mutated at all, since its amount was unaltered during the examined time period (Figure 8A, B) . We also used fluorescence recovery after photobleaching (FRAP) to monitor the stability of CENP-A at centromeric locations in cells not overexpressing CENP-A. As expected, no recovery was detected within the measured time period ( Figure 8C ). In contrast to that, overexpressed CENP-A which is incorporated all over the chromatin, was degraded with kinetics similar to those observed for whole cell extracts ( Figure 8A , B compare to Figure 5C ).
Next, we performed pulse-chase expression experiments to monitor protein clearance under overexpression conditions. To this end, GFP-tagged wt and mutant proteins were induced for eight hours, then CuSO 4 was washed out, and cells were collected for fluorescence microscopy right after CuSO 4 removal and after additional 16 h cultivation (chase period). Comparison of GFP signals revealed a strong decrease of the fraction of cells showing diffuse nuclear CENP-A S20D staining, intermediate decrease for CENP-A wt and almost no decrease for the S20A mutant ( Figure  9A, Supplementary Figure S8 ). To more accurately determine the dynamics of ectopically incorporated CENP-A, we performed FRAP experiments in GFP-CENP-A overexpressing cells. The results demonstrated that GFP-CENP-A S20D recovered significantly faster at non-centromeric sites than GFP-CENP-A wt (18% versus 12% recovery). By contrast, recovery of the non-phosphorylatable GFP-CENP-A S20A was strongly reduced (6%; Figure 9B , C; Supplementary Figure S9A ). When we knocked-down CKII in GFP-CENP-A wt expressing cells, S20 phosphorylation was strongly reduced at non-centromeric sites and only detectable at a few distinct foci, presumably corresponding to the endogenous centromeres ( Figure 9D , Supplementary Figure S9B ). FRAP analyses with these cells showed a strong reduction of GFP signal recovery similar to that of the S20A mutant (5%; Figure 9E , F) corroborating the important role of S20 phosphorylation. Moreover, we examined, if fast signal recovery of GFP-CENP-A S20D Because of the strong differences in overexpression levels of CENP-A, mitotic chromosome spreads where manually assigned to the L1 and L2 groups using microscopic images generated with identical microscopic settings. The presented images are from GFP-CENP-A wt expressing cells. CENP-A was detected by its GFP signal, DNA was stained with DAPI. (D) Quantification of diffuse and focused CENP-C signals in mitotic chromosomes expressing GFP-CENP-A at L1 (left; wt n = 53, S20A n = 84, S20D n = 80) or L2 (right; wt n = 18, S20A n = 17, S20D n = 94) level. Assignment of chromosomes to either group was performed as described under C. depends on proteolysis. To this end, we performed FRAP with cells that had been treated with the proteasome inhibitor MG132 for 5 h prior to imaging. Proteasome inhibition clearly and significantly reduced GFP-signal recovery after bleaching ( Figure 9C, G) . Moreover, signal recovery of S20D CENP-A was reduced upon knock-down of Ppa ( Figure 9G, H; Supplementary Figure S9B ). These results strongly suggest that signal recovery requires degradation of preexisting protein.
In summary, S20 phosphorylation appears to be necessary for fast removal of aberrantly incorporated CENP-A by proteasomal degradation.
DISCUSSION
In this study, we examined the functional consequences of CENP-A phosphorylation at the N-terminally located serine 20. Our analyses revealed that though S20 phosphory-lation is present in the soluble protein pool, it is particularly enriched in chromatin-bound CENP-A. We identified CKII as the enzyme responsible for S20 phosphorylation. Notably, we found three major functions of S20 phosphorylation: First, it is required for efficient loading/maintenance of CENP-A to the chromatin, second, it regulates the levels of soluble CENP-A by controlling proteolysis upstream of the ubiquitin ligase SCF Ppa , and third, it controls the amount of aberrantly incorporated CENP-A in chromatin outside of centromeres.
Role of S20 phosphorylation in regulating the stability of prenucleosomal CENP-A
The tight regulation of CENP-A abundance is a recurrent strategy by which different organisms ensure that CENP-A assembly is restricted to the centromere. Proteolysis of excess amounts of CENP-A by the proteasome has been de- tected in yeast and flies (66,67) but has not been demonstrated for human cells so far. Consistent with the fact that polyubiquitylation of target proteins is a hallmark of proteasomal degradation, budding yeast CENP-A Cse4 was shown to be ubiquitylated by the E3 ligase Psh1 thereby preventing its ectopic incorporation (68, 69) . Likewise, in Drosophila, the ubiquitin ligase adapter F-box protein Ppa is required for ubiquitylation and proteolytic clearance of CENP-A from ectopic sites (59, 67) . Very recently, the APC/C Cdh1 complex has been identified as another E3 ligase regulating CENP-A protein degradation in the fly (70) .
Our studies showed that soluble CENP-A becomes substantially more labile when S20 is mutated to the phosphomimetic aspartate, while it displays increased stability compared to wild-type CENP-A when S20 is mutated to the non-phosphorylatable alanine ( Figure 5C ). Knockdown of Ppa increased the half-lives of wild-type and S20Dmutated but not of S20A-mutated CENP-A. Because substrate recognition of SCF ubiquitin ligases is often determined by phosphorylation of the target protein (61), our results suggest that CENP-A needs to be phosphorylated before it can be targeted for degradation by SCF Ppa . Moreno-Moreno et al. have shown that Ppa interacts with both the histone fold domain of CENP-A and its N-terminal region (59) . Thus, it is conceivable that N-terminal phosphorylation affects the ability of CENP-A to be ubiquitylated by SCF Ppa . Notably, when CENP-A is in complex with CAL1, SCF Ppa cannot induce degradation, while APC/C Cdh1 can modify CENP-A regardless of its presence in the CAL1 complex (70) . Our degradation experiments with CENP-A S20D/A were performed upon overexpression of CENP-A to allow for detection of soluble protein by western blot. Under these conditions, we observed a clear effect of Ppa knock-down on decay kinetics of the S20D mutant protein ( Figure 6 ) suggesting that most of the detected protein was not in a complex with CAL1 and therefore accessible to SCF Ppa . Thus, we conclude that S20 phosphorylation renders CENP-A a substrate for ubiquitylation by SCF Ppa , thereby regulating the abundance of free pre-nucleosomal CENP-A. The role for S20 phosphorylation in protein turnover is further supported by the fact that knock-down of CKII, which removes S20 phosphorylation, also leads to a stabilization of CENP-A ( Figure 5 ). CKII, which we show here to be the kinase responsible for S20 phosphorylation, has also been implicated in CENP-A turn-over in budding yeast. However, in that case, phosphorylation of the E3 ligase Psh1 and not of CENP-A itself promoted CENP-A degradation (58) .
Role of S20 phosphorylation in regulating turn-over of chromatin-bound CENP-A
In contrast to the results obtained for soluble and therefore pre-nucleosomal CENP-A, incorporation into centromeric chromatin seemed to protect the phosphomimetic CENP-A S20D from proteolysis. This is on one hand re- flected in the relative higher abundance of chromatin-bound CENP-A S20D versus endogenous CENP-A under nonoverexpression conditions ( Figure 4B , Supplementary Figure S4 ) and on the other hand, by the fact that under non-overexpression conditions the stability of chromatin (= centromere)-bound CENP-A was high regardless of whether S20 was mutated to A or D or not mutated ( Figure 8A, B) . By contrast, upon transient overexpression leading to nucleus-wide incorporation of CENP-A, chromatin-bound phosphomimetic S20D was more quickly degraded than the wt and S20A mutant proteins ( Figure  8A, B) . The increased proteasome-dependent turn-over rate of S20D compared to S20A and wt CENP-A outside of centromeres was further evident from FRAP measurements ( Figure 9 ). Hence, S20 phosphorylation promotes both the maintenance of low levels of pre-nucleosomal CENP-A, which likely contributes to minimizing ectopic incorporation, and the removal of CENP-A from chromatin in situations when it is promiscuously loaded into non-centromeric sites. Somewhat counterintuitively, S20 is also highly phosphorylated at its centromeric location ( Figure 1F ) although the protein is stable there. Interestingly, knock-down of CKII in CENP-A overexpressing cells reduces the previously uniformly distributed S20 phosphorylation signal to few distinct foci in interphase nuclei ( Figure 9D ). These foci might correspond to centromeric CENP-A signals, which would further support the idea that S20-phosphorylated CENP-A is stable at centromeres, since the protein must have become phosphorylated before CKII levels decreased. It is possible that binding of CAL1 might mask phosphorylated S20, thereby protecting CENP-A from Ppadependent polyubiquitylation and degradation as shown recently by Moreno-Moreno et al. in Drosophila larvae (70) . Centromeric CAL1 might thus allow the accumulation of S20p-CENP-A at centromeres. However, further studies are needed to answer this question. Although currently the purpose of S20-phosphorylation of centromeric CENP-A is unknown, it is likely to have additional roles, e.g. in the establishment of the kinetochore. Indeed, cells expressing the non-phosphorylatable CENP-A S20A protein proliferate more slowly, show an increased mitotic index and higher incidence of mitotic defects in metaphase ( Figure 3E , F) suggesting defects in kinetochore formation. Of note, however, the phoshpomimetic S20D protein also causes slight defects in proliferation and mitosis ( Figure 3E, F) , which suggests the requirement of balanced amounts of phosphorylated S20 for proper function. Alternatively or in addition, S20 phosphorylation might be involved in the maintenance of old CENP-A during the transcription-coupled loading of new CENP-A in mitosis (27) (28) (29) . Our observation that mitotically arrested cells and cells in G2/M phase exhibit an accumulation of S20-phosphorylated CENP-A compared to asynchronous cell populations ( Figure 1E , F) may support such a hypothesis.
Role of S20 phosphorylation in CENP-A loading
In addition to the observed effects of S20 phosphorylation on CENP-A degradation, our results also suggest that it affects CENP-A loading to the chromatin. This conclusion is supported by the observations that the non-phosphorylatable CENP-A S20A protein shows significantly lower centromeric steady-state levels in nonoverexpression conditions (Figure 3) , and that its abundance in the soluble fraction is higher than that of CENP-A wt and CENP-A S20D (Figure 4 , Supplementary Figure  S4 ). We considered the possibility that S20 phosphorylation plays a role in the interaction with the different preloading complexes. Thus, we performed immunoprecipitation with ␣-Flag beads with extracts of wt and mutant SF-CENP-A expressing cells and monitored coprecipitation of CAL1, HAT1 and FACT. We did not observe any differences in the binding of the CENP-A mutant proteins to these CENP-A interaction partners (data not shown). Therefore, at this point the exact role of S20 phosphorylation during CENP-A loading remains unclear.
In summary, our study provides multiple lines of evidence for an important role of S20 phosphorylation in controlling restricted incorporation of CENP-A into centromeric chromatin in Drosophila. Regulation of the phosphorylation state of S20, e.g. by modulating CKII activity or by the action of an as yet unknown phosphatase, may provide the cells with a means to fine-tune CENP-A levels in order to prevent deleterious loading to extra-centromeric sites.
